The purpose of this study was to achieve a better therapeutic efficacy and patient compliance in the treatment for vaginitis. Clotrimazole (1%) has been formulated in a vaginal gel using the thermosensitive polymer Pluronic F127 (20%) together with mucoadhesive polymers such as Carbopol 934 and hydroxypropylmethylcellulose (0.2% for both). To increase its aqueous solubility, clotrimazole was incorporated as its inclusion complex with 1:1 molar ratio with β-cyclodextrin. The inclusion complex was thoroughly characterized using various techniques, including 1 H NMR spectroscopy, FT IR spectrophotometry, differential scanning calorimetry, scanning electron microscopy, phase solubility studies, and determination of stability constant (k 1:1 ). The gelation temperature and rheological behavior of different formulations at varying temperatures were measured. In vitro release profiles of the gels were determined in pH 5.5 citrate buffer. It was observed that complexation with cyclodextrin slowed down the release of clotrimazole considerably. Carbopol 934, on the other hand, was found to interact with β-cyclodextrin, inducing precipitation. As far as rheological properties are concerned, thermosensitive in situ gelling was obtained with formulations containing drug: cyclodextrin complex rather than with free drug. Thus, the optimum formulation for a controlled-release thermosensitive and mucoadhesive vaginal gel was determined to be clotrimazole:β-cyclodextrin 1% with 0.2% hydroxypropylmethylcellulose in Pluronic F127 gel (20%) providing continuous and prolonged release of active material above MIC values.
INTRODUCTION
Genital tract infections, which are among the most frequent gynecological diseases, are treated commonly with imidazolederivative antifungal agents such as clotrimazole since these drugs are locally active with no major side effects.
1,2 Current vaginal delivery systems include creams, foams, gels, tablets, pessaries, and irrigations, which are limited because of residence time at the genitourinary tract: they are removed rather rapidly by the self-cleansing action of the vaginal tract. 3, 4 Moreover, the physiological conditions imposed by the protective mechanism of the genital tract, limiting the residence time and thus impairing the therapeutic efficacy of the drug, make multiple and frequent administration necessary for treatment.
Patient compliance when administering the dosage forms and following the repeated-dose therapeutic regimen is an important challenge in vaginal drug delivery. Patients are generally reported to tolerate gels better than other dosage forms, 5 but it is believed that vaginal therapy can be significantly improved if a delivery system can keep the drug at the site of administration for longer than the conventional dosage forms can.
Mucoadhesive vaginal gels containing polycarbophil, Carbopol, hydroxypropylcellulose, and polyvinylpyrrolidone as polymers enhancing the adhesion of the administered dosage form to the mucosal tissue have been added to in situ-gelling thermosensitive gels prepared with Pluronic F127. [6] [7] [8] [9] [10] Different techniques are adopted in drug delivery with thermosensitive gels, including dispersing the drug in the gel with a concentration higher than its solubility value and dispersing drug-loaded nanoparticles, liposomes, and drug:cyclodextrin complexes. [11] [12] [13] [14] Cyclodextrins are used in the pharmaceutical field to form inclusion complexes with drug molecules to increase their aqueous solubility, to enhance their aqueous stability or photostability, to mask unwanted characteristics, or to reduce side effects. 15, 16 Cyclodextrins are also reported to convey controlled-release properties to certain active ingredients. 17 The objective of this study was to design a vaginal gel formulation with thermosensitive and mucoadhesive properties to ensure longer residence at the infection site, providing a favorable release profile for the antifungal drug clotrimazole with the help of β-cyclodextrin complexation. The effect of β-cyclodextrin on drug release was believed to arise from its solubility-enhancing properties.
MATERIALS AND METHODS

Materials
Clotrimazole (molecular weight: 344 g/mol, aqueous solubility: 5.5 µmol/L), depicted in Figure 1 , was purchased from Sigma Chemicals (Steinheim, Germany), and β-cyclodextrin (Kleptose) was supplied by Roquette Frères (Lestrem, France). Pluronic F127 was purchased from Sigma-Aldrich (St Louis, MO), Carbopol 934PH was of pharmaceutical grade and purchased from BF Goodrich (Cleveland, OH), and hydroxypropylmethylcellulose (HPMC) USP was purchased as Metolose 90SH 15000 from Seppic (Paris, France). Polyethylene glycol 400 (PEG400), used to solubilize the drug in the gel formulation, was purchased from Fluka BioChemika (Buchs, Germany). All other reagents were of analytical grade and used without further purification.
Methods
Preparation of Clotrimazole:β-cyclodextrin Complex
The inclusion complex of clotrimazole with β-cyclodextrin in a 1:1 molar ratio was prepared according to the colyophilization technique. 18 According to this technique, a fixed amount of clotrimazole was weighed and transferred to a round-bottomed flask. β-cyclodextrin solution in distilled water was added onto clotrimazole, and the powder was dispersed evenly. After ensuring that all clotrimazole powder was wetted by the β-cyclodextrin aqueous solution, the dispersion was left to equilibrate for 7 days at room temperature under constant stirring. At the end of equilibrium time, the dispersion was filtered and filtrate containing soluble clotrimazole:β-cyclodextrin complex (1:1) was lyophilized using a Heto-Holten A/S Lyolab Freeze Dryer (Allerod, Denmark) to obtain the complex in dry powder form.
Characterization of Clotrimazole:β-cyclodextrin Complex
Protein nuclear magnetic resonance ( 1 H NMR) spectra of clotrimazole, β-cyclodextrin, and clotrimazole:β-cyclodextrin complex were taken by a Bruker DPX 400 digital Fourier transform-nuclear magnetic resonance (FT-NMR) spectrophotometer (Rheinstetten, Germany) at 400 MHz. Chemical shifts were given to external tetramethylsilane at 0 ppm with calibration using solvent signals (dimethylsulfoxide at 2.5 ppm, deuterated water at 4.75 ppm, and chloroform CHCL 3 at 7.25 ppm).
Fourier transform infrared (FT IR) spectra of clotrimazole, β-cyclodextrin, and clotrimazole:β-cyclodextrin complex were taken with a Nicolet 520 FT IR spectrophotometer (Thermo Electron Corp, Waltham, MA) using discs of each sample and previously prepared potassium bromide containing 0.01 g of sample in 0.1 g of potassium bromide between the wavelengths of 400 and 4000 cm Scanning electron microscopy (SEM) was performed to elucidate the crystal structure of lyophilized clotrimazole, β-cyclodextrin, and clotrimazole:β-cyclodextrin complex. The samples were mounted on metal stubs with a doublesided adhesive band and then sputtered with a 100 Å thick layer of gold. They were examined with a JEOL scanning electron microscope (SEM-ASID-10, Tokyo, Japan) at an acceleration voltage of 80 kV.
Phase solubility studies were performed as follows: 10 mg of clotrimazole was mixed with 10 mL of aqueous solutions containing varying amounts of β-cyclodextrin within the range of 0 to 16 mM. The suspensions were shaken until equilibrium was reached (7 days). The suspension was filtered through a 0.22-µm membrane filter. The filtrate was analyzed spectrophotometrically for the total amount of solubilized clotrimazole.
Preparation of Clotrimazole Gel Formulations
Thermosensitive and mucoadhesive clotrimazole gels were prepared according to the cold method. 19 Briefly, mucoadhesive polymer (Carbopol 934 or HPMC) (0.2% wt/vol) was slowly added to citrate phosphate buffer (0.1M, pH 4.0) at 4ºC with gentle mixing. Pluronic F127 (20% wt/vol) was then added to Carbopol or HPMC solution and allowed to dissolve overnight at 4ºC. Clotrimazole in free form (1%) was initially dissolved in a mixture of PEG400 and ethanol (5:3) and added to cold Pluronic F127 solution containing 0.2% Carbopol 934 or HPMC. On the other hand, for formulations containing drug:cyclodextrin complex, clotrimazole:β-cyclodextrin was dissolved directly in the cold Pluronic F127 solution containing 0.2% Carbopol 934 or HPMC with gentle mixing.
Characterization of Gels
The rheological behavior of gel formulations was determined. The flow curves of thermosensitive and mucoadhesive gels containing either free clotrimazole or clotrimazole:β-cyclodextrin complex were determined using a Brookfield Model DV-II Viscometer (Essex, UK) at controlled-rate mode. Measurements were made in a cone-and-plate geometry with a diameter of 40 mm (cone angle 2º). The shear rates ranged from 0.5 to 100 seconds -1
. Samples were applied to the lower plate using a spatula to ensure that formulation shearing and air bubbles did not occur. Measurements were made at 22ºC. Each point is the mean of at least triplicate analysis. Error bars have been omitted to retain clarity; however, in all cases, the coefficient of variation of replicate analyses was less than 5%.
The gelation temperature of the formulations was determined as follows: a 20-mL transparent vial containing a magnetic bar in 5 mL of Pluronic F127 gel was placed in a water bath. A thermometer connected to a thermistor was immersed in the gel, which was heated at a rate of 2ºC/min with constant (150 rpm) stirring. When the magnetic bar stopped moving because of gelation, the temperature displayed on the thermistor was recorded as the gelation temperature. 19, 20 The in vitro release of clotrimazole in free form and in complex with β-cyclodextrin was determined from different vaginal gel formulations using a dialysis bag placed in a sealed glass vial under constant magnetic stirring. The gel formulations (2.5 g) were packed into the dialysis bags (Spectra/Por Cellulose Ester Membrane MWCO: 100 000 Da, Spectrum Labs, Rancho Dominguez, CA) sealed with closures of 50 mm (Spectrum Labs). The release medium was 100 mL 0.1M citrate-phosphate buffer (pH 5.5) containing 1% Tween 80, providing sink conditions for clotrimazole. The medium was maintained at 37ºC and stirred at 100 rpm. At various time intervals, 5 mL of dissolution fluid was collected. Levels of clotrimazole in the samples were analyzed with a Shimadzu UV-VIS 160A spectrophotometer at λ = 210 nm. The exact amount of clotrimazole released from the formulation was calculated with a calibration curve with an analytically validated method (r 2 = 0.9994, repeatability coefficient of variation (CV) = 0.18%, reproducibility CV = 2.7%).
RESULTS AND DISCUSSION
Characterization of Inclusion Complex
First, formation of a genuine inclusion complex of 1:1 molar ratio was evaluated using different techniques, including 1 H NMR spectroscopy, FT IR spectrophotometry, DSC, and SEM analysis. NMR spectroscopy has been used to elucidate the structure of drug:cyclodextrin complexes. NMR allows a clear distinction between inclusion and any other possible external interaction, with large effects observed on the protons located inside the hydrophobic cavity (H-3 and Table 1 . On the other hand, protons located on the outside experience very little or no effect. [21] [22] [23] [24] Table 1 details the shifts observed for the internal proton H-5, suggesting that the drug has entered the cyclodextrin cavity to form an inclusion complex. There are no shifts for external protons, indicating that the complex formed can be classified as an inclusion complex.
Another indicator of the formation of a drug:cyclodextrin complex is the changes observed for the FT IR spectra of the drug in complex form. Figure 2 displays the FT IR spectra for clotrimazole, β-cyclodextrin, and the complex. It can be clearly observed that the FT IR spectrum for the complex is almost identical to that of β-cyclodextrin alone. On the other hand, clotrimazole's aromatic region peaks at around 600 to 800 cm -1 have disappeared, which suggests that these groups of the drug are included in the cavity.
For the demonstration of a genuine inclusion complex, results should be confirmed with different and independent techniques. The DSC thermogram in Figure 3 clearly indicates that clotrimazole's sharp melting endotherm at 148ºC and β-cyclodextrin's dehydration observed between 50 and 120ºC have completely disappeared for the thermogram of the complex, with a very slight water loss around 100ºC. Clotrimazole's DSC thermogram was taken after freeze drying in order not to overlook the effects of the lyophilization process on the crystalline structure of the drug. This might have affected the thermogram of the drug if a transformation from the crystalline state to the amorphous state had taken place, but this did not happen in this study.
SEM photomicrographs of clotrimazole, β-cyclodextrin, and the complex were taken with ×2500 magnification, as seen in Figures 4A to 4C . Figure 4A represents the crystalline structure of clotrimazole, which is close to cubic after lyophilization. On the other hand, β-cyclodextrin is more of a planar structure with large crystals, as seen in Figure 4B . The complex exhibits a totally different crystalline structure than the drug or the β-cyclodextrin, with needle-and flaketype crystals suggesting the formation of a complex.
The phase solubility diagram of clotrimazole with β-cyclodextrin can be observed in Figure 5 . As can be seen, this diagram is an AL-type curve with a linear relationship between solubilized clotrimazole and molar β-cyclodextrin with a negative curvature. The initial linear ascending part of the solubility diagram in Figure 5 is generally ascribed to the formation of a 1:1 complex. The apparent stability constant (K 1:1 ) can be calculated from the solubility data using this formula:
where S 0 is the intrinsic solubility of clotrimazole.
The apparent stability constant (K 1:1 ) for the clotrimazole:β-cyclodextrin complex was calculated from the solubility data and found to be 701M
, which confirms previously reported values. 
Characterization of Thermosensitive Gels
Different formulations of Pluronic F127 gel with or without the mucoadhesive polymers Carbopol 934 and HPMC using free clotrimazole and clotrimazole:β-cyclodextrin complex were prepared using the cold method. Formulation components influenced gelling properties significantly. Carbopol 934, a mucoadhesive polymer known to interact strongly with low-molecular-weight molecules, polymers, and drugs, 26 displayed the same phenomenon with both free drug and the complex, causing precipitation within a few hours for gels containing Carbopol 934. It is believed that Carbopol interacts with the free drug, which has a considerably lower molecular weight, causing the drug's precipitation. Carbopol-containing formulations were not used for further studies, including viscosity measurements and in vitro release studies, because of this precipitation effect.
Another important factor influencing gel characteristics was whether the drug was employed in free form or in complex. Table 2 and Figure 6 display the significant differences in gelation temperature and in vitro release profiles of different formulations. Gelation temperature is dependent largely on polymer content; when clotrimazole is administered in free form, additional use of PEG400 as a solubilizing agent is required. Together with the high percentage of Pluronic (20%), known to lower gelation temperature, 14 an excess amount of polymer content with the presence of PEG causes the formation of gels at even 4ºC. On the other hand, as seen in Table 2 , mucoadhesive polymer type seems to have no significant effect on gelation temperature. The presence of cyclodextrins such as HP-β-cyclodextrin was previously reported to lower gel viscosity.
14 This effect was attributed to the fact that the binding force (hydrogen bonding) of cross-linked Pluronic gel became weaker when HP-β-cyclodextrin was replaced in the gel matrix. The phenomenon was reported to be similar to the decrease in gel strength of sodium salicylate.
Flow plots of gels containing free and complexed clotrimazole with and without the mucoadhesive polymer HPMC are shown in Figure 6 . Steady shear properties of Pluronic formulations were affected by temperature and overall polymer content. 7, 27 Rheological properties of gels formulated with free clotrimazole are very much different from that of clotrimazole:β-cyclodextrin complex. As seen in Figure 6 , gels containing free clotrimazole show significantly higher viscosity that was not affected by temperature. Gels containing clotrimazole complexed to β-cyclodextrin, however, show a temperature-sensitive rheological behavior.
In vitro release experiments were realized on formulations that did not display precipitation. Thus, gels formulated with or without HPMC containing either free clotrimazole or clotrimazole:β-cyclodextrin complex were used. Figure 7 represents the in vitro release profiles of clotrimazole thermosensitive gel formulations. Gels containing free drug liberated most of the drug within 4 days. However, formulations containing complexed clotrimazole released only~40% of the drug during this period. This fact could be attributed to 2 different phenomena. Complexation to β-cyclodextrin was performed because of the poor aqueous solubility of clotrimazole. Complexation with cyclodextrins is known to Figure 5 . Phase solubility diagram of clotrimazole with β-cyclodextrin in pure water (n = 3). enhance clotrimazole aqueous solubility considerably. 27 On the other hand, this solubilization effect has a different impact on release behavior of the gels, as seen in Figure 7 . In extensive studies performed on the release behavior of thermosensitive hydrogels, it was reported that although the rate of dissolution of Pluronic gel is actually the controlling factor in drug release, it is not the only parameter affecting drug release. Because the interface is eroding at a constant rate, the surface concentration of the drug is held relatively constant and the drug diffuses out at a constant rate, 28 which was the case in our study, as seen in Figure 7 . More concentrated gels were reported to dissolve at a slower rate than less concentrated ones because of the decreased water diffusion coefficient for the rate of water diffusing into the gel. 28 Release from the complex is, on the other hand, a competitive process controlled by diffusion of the drug upon dilution and competitive displacement of the drug by components in the dissolution media.
29 These 2 factors may have contributed to the prolonged release of clotrimazole from the thermosensitive gel in the complexed form. During the 92-hour release study, released amounts were significantly above the minimum inhibitory concentration (MIC) value for clotrimazole determined previously. 30 This release period could be helpful in predicting the gel's behavior in the vagina. Most probably, a faster release of clotrimazole would be achieved in vivo because of the presence of salts and proteins. Even if the vaginal formulation's residence time was much less than 96 hours, this could be sufficient to obtain a high local dose of the drug for therapeutic efficacy.
CONCLUSION
The data in this study support the potential effectiveness of a vaginal gel with mucoadhesive properties to ensure longer residence time in the application site, avoiding surgery for implantation because of prolonged release properties when the drug is incorporated in an inclusion complex with β-cyclodextrin. Controlled release of the incorporated drug is achieved, ensuring an antimycotic efficacy within a long period, suggesting better patient compliance and higher therapeutic efficacy. Figure 7 . In vitro release profiles of clotrimazole vaginal gels at 37ºC in pH 5.5 citrate buffer. HPMC indicates hydroxypropylmethylcellulose; PF127, Pluronic F127.
